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Abstract  
Direct femtosecond pulse laser waveguide writing based on laser induced localized modification of the refractive 
index of bulk glass can be a versatile fabrication method for many micro applications. Although the method’s 
potentials have been realized its application is still rather limited, either due to the slow writing speeds caused by low 
laser pulse repetition rates of amplified systems or due to the shallow structuring depths restricted by low pulse 
energies of nonamplified lasers. In this work we investigate the direct waveguide writing process using a picosecond 
laser that allows fast and deep waveguide writing due to high pulse energies available at high pulse repetition 
frequencies. 
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1. Introduction 
Microstructuring of dielectrics has been an active area of research recently since a variety of promising 
applications including Lab-on-Chip technology, integrated optics, surface structuring, micro sensors, etc. 
requires development of robust methods for material processing on the micro and nano scales. Up to now 
the most conventional way of producing microstructures in dielectrics was mask-based photolithography 
[1]. As a result, rapid prototyping or small scale production based on that method tends to be relatively 
expensive. Recently, femtosecond (fs) lasers have emerged as promising candidates for the direct-write 
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laser scheme [2]. Ultrafast lasers provide a mean to locally alter the refractive index of a transparent 
material in three-dimensions, potentially allowing complex three-dimensional optical devices to be 
directly written inside a sample. This method could offer significant advantages over the multi-step and 
inherently two-dimensional techniques based on the conventional photolithography or ion diffusion 
methods. When a femtosecond laser pulse is tightly focused inside a transparent material, the intensity in 
the focal volume becomes high enough (2 – 5×1013 W/cm2) to initiate nonlinear absorption of the laser 
energy by the material through multiphoton, tunneling, and avalanche ionization [3]. The laser energy is 
only absorbed in the focal volume, where the laser intensity is above the threshold value, leaving the 
surface and the material surrounding the focus unaffected. If enough energy is deposited into the focal 
volume by this nonlinear absorption, permanent material changes are left behind. Depending on the laser 
and material parameters, several different material change morphologies are observed including small 
density variations, voids, color centers, and trapped stress. All of these morphologies lead to a permanent 
change in the refractive index of the material in the microscopic focal volume without physical damage of 
the glass. This index gradient allows fabrication of a broad variety of devices, both active and passive. To 
date, three-dimensional binary data storage [4], fabrication of single- and multi-mode waveguides [5], 
waveguide splitters [6] and a waveguide amplifier [7] have been demonstrated. Femtosecond 
micromachining shows, compared with traditional techniques, a number of distinct advantages: (i) three-
dimensional capabilities; (ii) rapid device prototyping; and (iii) more simple and less expensive setups. 
Two different regimes of femtosecond micromachining can be distinguished, depending on whether 
the laser pulse period is longer or shorter than the time required for heat to diffuse away from the focal 
volume (typically on the order of 1 μs): the ‘‘low-frequency’’ regime, in which material modification is 
produced by the single pulse (< 1 MHz laser repetition rate) [8], and the ‘‘high-frequency’’ regime, in 
which cumulative effects take place (> 1 MHz laser repetition rate) [5]. Low-frequency systems typically 
use amplified Ti:sapphire lasers (1–100 kHz frequency) with the pulse energy up to a few microjoules, 
while high-frequency systems primarily use stretched-cavity oscillators (5–20 MHz frequency) with 
energies of a few tens of nanojoules. High-frequency micromachining offers several advantages: (i) 
simplification of the experimental setup, owing to the lack of the amplification stage; (ii) much greater 
processing speeds, on the order of 1-2 cm/s vs. sub-mm/s speed for low-frequency regime; and (iii) the 
possibility of controlling the waveguide size by changing the writing speed, due to the heat accumulation 
effects. On the other hand, a narrow intensity range due to the low laser pulse energy (~ tens of 
nanojoules) and the tight focusing requirement (NA > 1) severely limits process flexibility allowing 
formation of structures only in the close proximity to the surface (due to short working distances of high 
NA objectives), thus not allowing full exploitation of the three-dimensional capabilities of the direct-write 
process.  
While limitations of both regimes appears to be rather technological than physical, they can 
significantly hamper practical application of the ultrafast laser direct writing technique. An interesting 
alternative approach can be an employment of a high power picosecond laser as a writing tool, which has 
potential of providing several major advantages. For the picosecond lasers the pulse duration (typically on 
the order of 10 ps) remains quite short allowing nonlinear highly localized interaction of the laser beams 
with glass material. Modern ps lasers can operate at MHz repetition rates permitting high writing speeds 
and realization of the thermal accumulation effects, while the available laser pulse energies still can be 
larger than a few μJ. The latter effectively alleviates the tight focusing requirement (NA > 1) extending 
the method flexibility in the third dimension. Additionally, majority of modern commercial picosecond 
lasers are computer controlled turnkey systems that can be used in an industrial type environment which 
is an important consideration for a technology transfer.  
Miyamoto et al [9] have shown that the interaction of near infrared (1064 nm wavelength) 10 ps laser 
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pulses with glass materials can be very efficient reaching nonlinear absorptivity as high as 90%. The 
deposited light energy leads to noticeable inter material modification (Fig. 1) and as it can be seen from 
the picture it is possible to differentiate at least three spatial regions: the bulk material (i), the inner 
interaction region (ii), and the thermally modified region (iii). The same authors [9] have demonstrated 
that the clearly visible boundary of the melt contour corresponds to the isothermal line at the glass 
working point confirming that the material within regions (i) and (ii) underwent through strong thermal 
modifications. Extremely high temperatures achievable in the core region (i) should lead to the glass 
compression and densification in region (ii) with a corresponding increase in the refractive index creating 
conditions needed for light guiding. In this work we present proof of principle investigations showing that 
tightly focused picosecond laser beams are suitable for direct writing of embedded in glass waveguides. 
 
 
 
Fig. 1. Typical intramaterial modifications produced by ps laser beam. Process parameters: average power  0.9 W,  laser 
wavelength 1064 nm , pulse repetition frequency 1 MHz, objective NA=0.55,  feed rate 20 mm/s, borosilicate glass D263 
2. Experimental setup 
The laser source used in the direct write experiments is a modelocked Nd:YVO4 laser generating 10 ps 
FWHM pulses,  at 1064 nm wavelength, with adjustable (single pulse – 8.2 MHz) PRF, and up to 50 W 
of nominal average power (@ 1 MHz). The schematic of the direct write setup is shown in Fig. 2a. 
 
 
Fig. 2. (a) schematic of the direct write setup; (b) waveguide characterization setup 
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The laser beam is focused using a near infrared microscope objectives with NA = 0.55 (Olympus). The 
focus position in the glass volume is adjusted using a high precision Aerotech ATS03005 motorized 
linear stage (not shown) with ± 0.1 μm resolution and the glass sample is mounted on an Aerotech 
ALS150 x-y linear stage (± 3 nm resolution, max travel speed 300 mm/s). Straight and curved structures 
can be fabricated with a proper stage translation. Typical test samples are rectangular pieces of various 
glass materials (fused silica, N-BK7, borosilicate BF33, Zerodur, soda-lime) longer than 15 mm and 
approximately 1 mm thick. A number of experimental parameters (average laser power 0.25-1.5 W, pulse 
repetition rate 50 kHz – 1 MHz, feed rate 10 – 200 mm/s, glass material) have been varied to investigate 
their influence on the writing process. After the laser structuring glass sample facets are polished to 
improve coupling efficiency and to reduce light scattering. Sample characterization is performed using a 
custom made apparatus shown in Fig. 2b. A low power diode laser beam (635 nm) is focused into a single 
mode fiber to improve its spatial profile. The light exiting the fiber is butt-to-butt coupled into the 
structures directly written in the glass sample. The opposite end of the structure is imaged on a digital 
CCD camera with a 20X Nikon objective. The extended length of the embedded structures (> 15 mm) 
ensures divergence of the probe light unless being guided and the short depth of focus of the imaging 
assembly prevents from imaging too close to the entrance port. In this arrangement observation of 
confined highly illuminated areas at the sample facets will clearly indicate presence of waveguide type 
structures in the glass volume. To verify the performance of the apparatus a known sample, a glass piece 
containing multiple Y-splitters produced via ion implantation, has been tested with the result shown in 
Fig. 3. 
 
 
Fig. 3. (a) test sample showing embedded Y-splitters produced via ion implantation; (b) an image of guided modes obtained with 
the test apparatus shown in Fig. 1b 
3. Results and discussion 
As a first step to establish feasibility of the picosecond laser direct write technology, several common 
materials have been tested using the processing parameters similar to one typically applied for the 
ultrafast laser glass welding [10]. Since the set of the possible processing parameters can be quite large 
and effectively multidimensional the presented results should be considered rather as a proof-of-principle 
demonstration than a complete process investigation or a process optimization work.  
As it was mentioned earlier, the light guiding results from localized modification of the refractive 
index due to the laser energy deposition in the material volume and the direct laser writing results should 
strongly depend on the glass material type. Using the initial set of parameters (Plaser = 2 W, pulse 
repetition frequency (PRF) = 1 MHz, v = 20 mm/sec) several different material type samples have been 
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structured and examined. The structures produced in Zerodur, fused silica, and N-BK7 glasses have 
shown either no or very poor guiding. A probable reason why no waveguides have been produced in 
Zerodur and fused silica glasses is their very low thermal expansion (thermal expansion coefficients are 
-6 K-1 -6 K-1 for Zerodur and fused silica respectively) and correspondingly 
weak material compression resulting in an insufficient modification of the refractive index. On the 
contrary, the thermal expansion of N-BK7 glass is quite large (N-BK7 thermal expansion coefficient is 
-6 K-1) and could have led to the compression of the material and the refractive index change but 
microscope images revealed that the produced structures are not uniform and contain multiple micro size 
defects. Those defects either prevent the guiding altogether or strongly scatter the coupled light. As a 
result, no light confinement has been observed in N-BK7 structured samples either. At the same time, the 
laser produced structures written in borosilicate BF33 and soda-lime samples appeared to be suitable for 
light guiding. Both glass materials are very common and widely used for numerous applications 
potentially making the ps laser direct write technology of interest. From now on the absolute majority of 
the direct write experiments have been performed using either borosilicate or soda-lime glass.  
Another important parameter that can effectively define applicability of the ps laser direct-write 
technology is the processing speed. Fig. 4 shows the laser produced structures and the probe light guiding 
in borosilicate glass produces with 0.5 W of average laser power, with PRF = 0.5 MHz, and four writing 
speeds 10 mm/s, 20 mm/s, 50 mm/s, 100 mm/s. The most left column shows microscope images of the 
fabricated in glass structures (facet view), the middle column contains images of the guided probe laser 
light when it is presumably coupled in the center of the structure, and the third column also contains 
images of the guided modes but in this case the probe laser beam is coupled into the outer region (see Fig. 
1, region (ii)). As it can be clearly seen the laser fabricated structures do confine the probe light and can 
be considered as directly written waveguides. Based on the mode appearance almost all of them appear to 
be multimode waveguides with the mode structure strongly dependent on the writing speed. At the low 
speed the deposited energy density is noticeably high leading to formation of a large molten zone with 
characteristic dimensions on the order of 30 microns. So large structures can support only multimode 
light guiding which can be clearly seen in the presented images. As the writing speed increases the energy 
deposition per unit length decreases with the corresponding decrees in the structure size down to 
approximately 10 microns at the speed of 100 mm/s. Correspondingly, the beam quality of the guided 
light is improving and at the highest speed only single intensity maximum can be observed, although 
whether this is true single mode beam propagation has not been verified yet. As it can be seen from Fig.4, 
embedded waveguides can be written using a very modest laser beam power level that can be easily 
exceeded by a majority of the commercial lasers. The fastest writing speed of 100 mm/s has been 
restricted by the translation stage limitations but the physics of the process or by the laser performance. 
Although the Aerotech ALS150 stage maximum speed is specified as 300 mm/s, at the velocities above 
100 mm/s the stage go through strong acceleration and deceleration almost without constant speed 
movement phase required for waveguide direct writing.  
4. Conclusion 
In conclusion, we have demonstrated that high quality embedded waveguides can be directly written with 
10 ps near infrared (1064 nm) laser beam in borosilicate glass. The required laser power level is shown to 
be relatively low, below 1 W, while the achieved writing speed can be as high as 100 mm/s. In general, 
the interplay between the average laser power, pulse repetition rate, and the writing speed strongly affects 
the quality of the fabricated structures and should be carefully selected based on the targeted objectives 
and available laser parameters. As a next step the produced waveguide have to be characterized for losses 
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and maximum change in the refractive index to evaluate method’s potentials for production of complex 
3D structures. 
 
 
Fig. 4. Microscope images of directly written waveguides in borosilicate BF33 glass (left column). The laser average power 0.5 
W, PRF 0.5 MHz, objective NA 0.55, the writing speed is stated for each row. The middle column contains images of the 
guided probe laser light coupled in the center of the embedded structure. The third column contains images of the guided 
modes but in this case the probe laser beam is coupled into the outer region (see Fig. 1, region (ii)) 
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